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1.0  SUMMARY 

The  common  perception  that  men  and  women  walk  differently  has  been  supported  by  studies  in 
psychology  and  human  perception;  however,  in  modern  empirical  kinematic  studies,  sex 
differences  are  surprisingly  limited,  contradictory,  or  equivocal.  Interest  in  sex  differences  spans 
many  fields,  from  psychology  to  medicine  to  surveillance.  In  this  review,  we  assemble  and 
analyze  what  is  known  about  spatiotemporal  and  kinematic  variables  of  female  and  male  gait. 
Historical  perspectives,  which  indicate  that  sex  is  identifiable  from  point-light  walkers,  are 
briefly  canvassed  to  help  guide  identification  of  structural  and  kinematic  differences.  Both 
spatiotemporal  and  kinematic  data  from  the  past  three  decades  are  then  presented  and  discussed. 
We  further  analyze  the  published  data  in  order  to  identify  how  height-normalization  may  affect 
noted  spatiotemporal  differences  between  the  sexes.  Subsequently,  gaps  in  published  data,  and 
the  implication  of  such  missing  information  on  gait  analysis,  are  identified.  From  the  analysis 
performed  herein,  we  suggest  that  the  pooled  literature  indicates  that  gait  speed  decreases  with 
age,  and,  furthermore,  decreases  more  for  women  than  men.  The  meta-analysis  of 
spatiotemporal  variables  normalized  to  height  implies  that  step  length  is  height-dependent,  and, 
when  height-matched,  women  may  walk  at  a  slightly  faster  preferred  speed  than  men.  The 
compilation  of  kinematic  data  suggests  that  coronal  plane  pelvis  and  hip  range  of  motion  may  be 
different  between  the  sexes.  However,  further  investigation  is  needed  on  nearly  every  body 
segment,  with  special  attention  to  the  torso  and  upper  extremities,  to  explain  and  quantify  or 
refute  gait  differences  as  identified  through  perception  and  psychology  literature. 
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2.0  INTRODUCTION 

There  is  a  common  perception  that  men  and  women  walk  differently.  Psychologists,  for 
example,  have  consistently  noted  that  observers  can  identify  the  sex  of  a  person  from  limited  gait 
information  [1,2].  Yet,  as  this  review  will  demonstrate,  controlled  studies  quantifying  the 
differences  between  sexes  have  been  surprisingly  limited,  contradictory,  or  equivocal.  There 
may  also  be  important  distinctions  between  sex  differences  (inherent  biological  characteristics) 
and  gender  differences  (learned  socio-cultural  attributes)  that  have  not  been  fully  delineated. 

This  review  will  assemble  and  synthesize  published  comparisons  of  female  and  male  subjects  in 
order  to  understand  gait  differences  between  the  sexes. 

Understanding  sex  differences  during  gait  has  immediate  impact  to  the  fields  of  medicine  and 
clinical  gait  analysis.  Many  injuries  and  pathologies  have  a  strong  sex  component.  For  example, 
non-contact  anterior  cruciate  ligament  tears  occur  more  frequently  in  females  than  males  [3,4]. 
While  this  injury  is  a  consequence  of  running  and  cutting  motions,  underlying  musculoskeletal 
differences  between  the  sexes  have  been  implicated  as  a  cause  of  the  injurious  motions.  Because 
these  are  inherent  structural  differences,  each  will  influence  normal  gait  as  well  [5].  Wearing 
high-heels  has  been  shown  to  change  bone  and  ligament  properties  [6],  thus  supplying  a  cultural 
force  resulting  in  further  structural  differences.  It  is  evident  that  certain  diseases  affect  one  sex 
more  often  than  the  other  (e.g.  osteoarthritis  [7,  8],  Parkinson’s  disease  [9,  10],  and  diabetes  [11, 
12]),  and  these  diseases  often  have  implications  to  the  kinematics  of  gait.  Thus,  rates  of  disease 
incidence  may  also  prompt  separation  of  gait  analysis  between  sexes.  While  research  studies 
generally  present  sample  demographics  separately  for  female  and  male  subjects,  gait  data  are 
commonly  pooled  during  analysis.  As  a  result,  diagnostic  and  rehabilitation  guides  do  not 
differentiate  between  sexes,  though  there  may  be  situational  prompts  to  do  so.  One  goal  of  this 
review  is  to  help  identify  areas  where  nonnative  data  may  warrant  separation  for  female  and 
male  subjects. 

Beyond  direct  clinical  applications,  other  disciplines  and  industries  have  a  vested  interest  in 
understanding  the  implications  of  sex  on  gait.  Psychologists  are  often  interested  in 
differentiating  between  biological  and  socio-cultural  factors  influencing  gender  development. 

Sex  identification  through  the  use  of  gait  signatures  (i.e.  biometrics)  may  aid  automated 
surveillance  for  threat  detection,  tracking,  and  consumer  statistics.  Engineers  and  artists  within 
the  entertainment  industry  may  use  this  synthesis  of  gait  parameters  to  help  design  more 
biofidelic  avatars  and  computer-generated  special  effects.  In  biomedical  engineering 
applications,  sex-specific  gait  characteristics  may  inform  the  design  of  joint  replacements, 
prosthetics,  and  robotics  exoskeletons  for  walking  rehabilitation.  Neurology  and  motor  control 
experts  may  also  be  interested  in  possible  differences  in  neuromuscular  control  strategies 
between  sexes. 

The  purpose  of  this  review,  therefore,  is  to  integrate,  from  all  relevant  disciplines,  what  is  known 
about  the  influence  of  sex  on  the  kinematics  of  non-pathological  gait.  We  first  examine  sex 
differences  in  gait  through  a  historical  perspective  to  describe  early  motivation  and  initial 
perceptions.  Then  results  and  discussion  are  presented  for  modern  empirical  studies  of 
spatiotemporal  variables  and  kinematics  of  individual  body  segments.  In  presenting  the 
amalgamation  of  research,  this  review  will  establish  trends  in  kinematic  data,  identify  gaps  in  the 
current  body  of  knowledge,  and  suggest  areas  for  future  research. 
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3.0 


EARLY  STUDIES  AND  HUMAN  PERCEPTION 


The  earliest  published  modem  gait  studies  with  a  specific  focus  on  sex  differences  appear  in  the 
1950s,  60s  and  70s.  In  1966  and  1970  Murray  et  al.  published  two  separate  studies  [13,  14] 
describing  walking  kinematics  of  males  and  females,  respectively,  comparing  the  two  groups  in 
the  latter  study.  These  authors  found  that  women  walked  with  smaller  excursions  in  most  joints 
than  men.  This  included  reduced  sagittal  plane  motion  of  the  hips  resulting  in  shorter  normalized 
step  lengths,  corroborating  a  finding  earlier  postulated  by  Booyens  et  al.  [15].  However,  the 
observation  which  received  the  most  critical  attention  was  that  of  increased  coronal  plane  pelvis 
excursions  in  women,  with  an  accompanying  decrease  in  mediolateral  torso  and  head  movement. 
Murray  and  colleagues  suggested  that  necessary  movement  of  the  center  of  mass  from  side  to 
side  could  be  accomplished  by  either  moving  the  pelvis  or  the  torso,  the  choice  of  which  was 
likely  an  "attitudinal,"  or  socio-cultural  characteristic  that  differed  between  the  sexes. 

Murray's  findings  influenced  several  subsequent  studies  on  the  ability  of  human  observers  to 
recognize  sex  during  gait.  During  these  studies,  psychologists  attached  lights  or  reflective  tape 
to  body  segments  and  recorded  motion  in  a  dark  room.  Subjects  then  watched  videos  of  these 
point-light  walkers  (PLW)  and  were  asked  identification  questions  based  solely  upon  the  motion 
of  the  lights,  without  any  knowledge  or  cues  of  the  original  walker.  Kozlowski  and  Cutting  [2] 
first  used  the  PLW  technique  to  show  that  subjects  could  determine  the  sex  of  the  walker  with 
values  significantly  greater  than  chance.  Subsequently,  PLW  studies  examined  the  effects  of 
walking  speed,  variations  in  ann  swing,  and  darkening  various  body  segments  on  sex  recognition 
[1,2,  16-18].  Altering  walking  speed,  either  physically  or  virtually,  decreased  the  percent  of 
PLWs  correctly  identified  with  the  right  sex.  Similarly,  removing  points  of  light  from  a  walker 
decreased  identification;  however,  viewers  correctly  identified  sex  significantly  more  often  when 
only  upper-body  segments  were  illuminated  than  when  only  lower-body  lights  were  shown  [2]. 

Prompted  by  these  results,  a  series  of  studies  examined  cues  of  sex  identification,  seeking  a 
single  variable  to  explain  human  observations:  an  invariant.  Cutting  et  al.  settled  on  what  the 
authors  tenned  "Center  of  Moment"  (CoM)  [18],  the  ratio  of  shoulder  width  to  the  sum  of 
shoulder  and  hip  width.  This  terminology  was  chosen  to  suggest  a  dynamic  construct,  explaining 
that  it  might  represent  a  point  about  which  all  transverse  plane  rotation  occurs.  Biomechanically, 
this  is  an  overly  simplistic  view  of  the  human  body,  and  the  CoM  theory  remains  primarily  a 
structure-based  invariant.  Hypothesizing  that  Murray's  [19]  observation  of  increased 
mediolateral  torso  excursion  was  a  defining  characteristic,  Mather  and  Murdoch  [20] 
investigated  whether  this  dynamic  cue  was  more  telling  than  the  structurally-based  CoM.  By 
synthetically  varying  the  relative  widths  of  shoulder  and  hips  to  develop  a  female  torso,  male 
torso,  or  androgynous  torso,  while  at  the  same  time  varying  torso  and  pelvis  excursions  to 
develop  the  female,  male,  or  androgynous  lateral  sway,  these  authors  concluded  that  lateral  torso 
movement  dominated  as  the  defining  invariant  for  sex  identification  during  gait. 

The  debate  whether  structural  or  dynamic  cues  dominate  observer  sex  recognition  was  later 
examined  in  computer  vision  literature  and  further  examined  in  psychology  using  modern 
simulation  techniques.  Troje  et  al.  decomposed  analysis  of  PLW  trajectories  using  principal 
component  analysis,  finding  that  the  dynamic  signal  content  contributed  more  to  correct  sex 
classification  than  did  the  static  postural  (structural)  content.  On  the  other  hand,  studies  that 
used  silhouettes  as  stimuli  instead  of  PLWs  found  reversed  results  [21,  22],  suggesting  that  the 
specific  cues  that  are  used  for  sex  recognition  are  likely  to  be  heavily  dependent  upon  the  type  of 
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stimuli  that  is  available.  In  both  cases,  however,  gaze  analysis  indicated  primary  focus  on  the 
pelvis  and  torso  areas  [21,  23],  consistent  with  early  attempts  at  describing  an  invariant. 

Thus,  over  several  decades  and  with  myriad  techniques,  the  fields  of  psychology  and  perception 
indicate  a  striking  difference  in  female  and  male  gait  that  can  be  discerned  by  human  observers. 
While  the  review  of  this  body  of  literature  has  been  cursory  in  its  details,  it  illustrates  the  lessons 
learned  from  examining  how  we  perceive  sex  differences.  These  studies  have  established  that 
there  are  apparent,  defining  movement  characteristics  differentiating  males  from  females  with 
these  movement  cues  primarily  residing  in  the  pelvis  and  torso.  In  beginning  to  examine  motion 
from  an  empirical  standpoint,  we  would  expect  to  see  significant,  quantifiable  differences 
between  these  areas. 
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4.0 


METHODS 


Potentially  relevant  articles  across  the  general  fields  of  medicine,  engineering,  and  psychology 
were  identified  with  an  electronic  search  of  PubMed,  Web  of  Science,  Psychlnfo,  and  Google 
Scholar.  Additional  papers  were  identified  from  cited  references.  Papers  were  excluded  from 
this  review  if  they  did  not  contain  infonnation  about  non-pathological  subjects,  if  the  study  did 
not  analyze  kinematics  of  walking,  or  if  the  study  only  examined  a  single  sex  without  a  means  of 
comparing  to  the  other  sex. 

After  reviewing  all  articles,  we  noted  that  there  were  a  sufficient  number  of  studies  reporting 
spatiotemporal  metrics  (preferred  speed,  cadence,  and  step  length)  separately  by  sex  to  look  for 
larger  trends  through  a  meta-analysis.  We  analyzed  spatiotemporal  data  from  reviewed  articles 
in  three  ways:  within-study  comparison  of  sex  differences  when  not  already  perfonned  and 
reported  (Method  1),  across-study  sex  differences  within  age  bins  (meta-analysis  Method  2),  and 
across-study  sex  differences  with  height  as  a  covariate  (meta-analysis  Method  3).  Significance 
level  for  all  analysis  modes  was  set  at  p  <  0.05. 

For  studies  that  reported  separate  metrics  by  sex  but  fell  short  of  analysis,  we  calculated  two- 
tailed,  two-sample  t-tests  using  the  published  means,  standard  deviations,  and  subject  numbers 
(Method  1). 

For  Method  2,  four  distinct  age  bins  were  used  to  investigate  sex  differences  in  age.  These  bins 
(20  -  40,  43  -  58,  62  -  75,  and  77  -  95  years  old)  were  chosen  where  natural  breaking  points 
occurred  in  the  data.  If  an  individual  study  reported  multiple  age  groups  within  our  chosen  bins, 
standard  deviations  were  pooled  and  a  single,  weighted  mean  was  calculated.  Preliminary 
analysis  and  graphing  did  not  indicate  issues  which  prevented  pooling  of  standard  deviations 
across  studies,  sexes,  or  bins.  Across  study  weighted  means  and  pooled  standard  deviations  were 
then  detennined  for  each  combination  of  age  bin  and  sex,  and  two-tailed  t-tests  were  used  to  test 
for  sex  differences  within  and  across  each  age  bin.  Though  two-tailed  t-tests  were  used  to 
perform  this  analysis,  combining  data  from  different  studies  can  be  problematic,  and  p-values 
should  be  interpreted  cautiously. 

For  studies  that  also  listed  height  by  sex,  this  variable  was  examined  as  a  possible  explanation 
for  spatiotemporal  differences  between  sexes  (Method  3).  We  analyzed  each  spatiotemporal 
metric  using  height  as  both  a  covariant  as  well  as  a  normalization  factor,  with  each  study  treated 
as  a  subject  in  analyses.  As  above,  p-values  should  be  treated  cautiously  and  results  used  only  as 
a  guide  for  future  work. 
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5.0 


SPATIOTEMPORAL  METRICS 


Of  all  measurable  gait  parameters,  spatiotemporal  metrics  are  reported  and  described  most  often. 
These  variables  are  easily  obtainable  and  have  been  found  to  correlate  with  pathologies,  injury 
outcome,  and  rehabilitation  [24,  25].  This  section  will  summarize  the  effects  of  sex  on  these 
variables  by  reporting  published  observations  as  well  as  reanalyzing  data  through  the  three 
methods  mentioned  above. 

5.1  Gait  Speed 

Bohannon  and  Andrews  [26]  authored  a  meta-analysis  of  preferred  walking  speeds,  compiling 
data  on  more  than  23,000  subjects  across  41  studies.  Of  these,  21  included  information  about 
both  females  and  males  [27-47].  We  found  an  additional  26  studies  which  listed  gait  speed  by 
sex  [5,  8,  19,  24,  48-69],  and  all  47  articles  were  examined  for  intra-study  significance  (Method 
1).  Gait  speed  was  found  to  be  significantly  different  between  the  sexes  in  less  than  25%  of 
studies  examining  20  -  59  year  olds,  while  more  than  40%  of  the  studies  which  recorded  speed 
on  60  -  99  year  olds  were  significantly  different  (Table  1).  Because  weighted  means  accounted 
for  thousands  of  subjects,  our  meta-analysis  (Method  2)  resulted  in  significant  differences 
between  sexes  at  each  of  the  four  age  bins  (Figure  1A),  with  males  being  faster  than  females. 
Furthermore,  we  examined  the  drop  in  mean  gait  speed  as  age  increases,  and  found  a 
significantly  increased  gap  between  females  and  males  at  the  oldest  and  youngest  age  bins.  This 
analysis  confirms  what  is  noted  in  previous  studies  (e.g.  Senden  et  al.  2012  [70])  that  female  gait 
speed  decreases  proportionally  more  with  age  than  that  of  men. 


Table  1:  Distribution  of  Studies  Reporting  Significantly  Different,  Self-Selected, 
Preferred,  Over-Ground  Gait  Speed  by  Age  Decade 

Normative  values  have  been  previously  published  by  Bohannon  et  al.  [26] .  Every  study  but  one  [69]  which  reported 
a  significant  difference  in  gait  speed  found  females  to  be  slower  than  males. 


Age  Group 
(Years 
Old) 

Total 

Number  Of 
Studies 

Number  Of  Significantly 
Different  Studies 
(%  Of  Age  Group) 

20-29 

13 

3  (23%) 

30-39 

7 

1  (14%) 

40-49 

8 

1  (13%) 

50-59 

6 

1  (17%) 

60-69 

16 

7  (44%) 

70-79 

27 

14  (52%) 

80-99 

17 

10  (5  %) 

6 
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Figure  1:  Plots  of  Mean  Spatiotemporal  Variables  by  Sex  and  Age 

Data  taken  from  studies  which  reported  means  for  preferred,  self-selected,  over-ground  speed  only.  Midtiple  age 
groups  in  the  same  study/bin  were  pooled.  Colored  horizontal  line  segments  represent  averages  of  study  means. 
Significant  differences  (p<0.05)  were  found  for  every  comparison  of  female  and  male  values,  due  in  part  to  having 
thousands  of  subjects  in  each  comparison  so  that  relatively  small  differences  (e.g.  gait  speed  at  20  -  40  years  old) 
were  significant.  A.)  Male  speed  was  greater  in  every  age  group  (1 78  studies).  Females  demonstrated  a  greater 
decrease  in  gait  speed  as  age  increased.  B.)  Male  step  length  was  greater  in  every’  age  group  (86  studies). 
Females  exhibited  a  greater  decrease  in  step  length  as  age  increased.  C.)  Female  cadence  was  greater  in  every’ 

age  group  (80  studies). 


5.2  Cadence  and  Step  Length 

Twenty-four  studies  comprising  100  age  groups  published  step  lengths  for  each  sex  (Table  2). 
Of  these  100  age  groups,  74  age  groups,  across  21  studies,  were  found  to  have  significant 
differences  between  sexes  (Method  1).  Ah  74  age  groups  reported  that  males  had  a  significantly 
greater  step  length  than  females.  This  was  also  confirmed  in  our  meta-analysis  (Method  2), 
which  showed  significant  differences  at  each  age  bin  (Table  2,  Figure  IB). 
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Table  2:  Cadence  and  Step  Length  for  Various  Studies 

Mean  ±  standard  deviation.  Significant  differences  between  the  sexes  are  reported  as  (*)  for  step  length  and  (#)  for 

cadence. 


Study 

Pace' 

Tor 

OG“ 

No.  Subjects 

Age  (years) 

Step  Length  (cm) 

Cadence  (step/min) 

Female 

Male 

Female 

Male 

Female 

Male 

Female 

Male 

Al-Obaidi  et 
al.  [27] 

Slow  SS 

OG 

15 

15 

23  ±2 

26±3 

53  ±7 

57±  6 

89  ±  10 

85  ±  11 

Normal  SS* 

63  ±6 

70  ±7 

104  ±7 

104  ±9 

Fast  SS* 

71  ±7 

83  ±7 

135±  14 

13 1±16 

Alton  et  al. 
[48] 

Normal  SS 

OG 

8 

9 

24  ±6 

28±5 

62  ±6 

66  ±7 

119  ±  5 

1 17  ±  6 

T 

8 

9 

65  ±7 

69  ±8 

123  ±3 

122  ±4 

Bessou  et  al. 
[92] 

Nonnal  SS* 

OG 

25 

25 

39  ±  11 

40±1 

2 

74  ±6 

78  ±6 

Boyer  et  al. 

[8] 

Nonnal  SS* 

OG 

21 

21 

62  ±5 

61±5 

118 

105 

Callisaya  et 
al.  [35] 

Nonnal  SS* 

OG 

22 

15 

60-64 

61  ±6 

69  ±7 

115  4=  9 

1 10±1 1 

Nonnal  SS*# 

21 

28 

65-69 

59  ±6 

68  ±7 

118  4=  7 

107  ±7 

Nonnal  SS# 

15 

27 

70-74 

61  ±7 

65  ±7 

120  ±11 

106  ±7 

Nonnal  SS*# 

27 

26 

75-79 

55  ±7 

61  ±9 

113  ±  8 

106±10 

Nonnal  SS* 

17 

24 

80-86 

50  ±8 

60  ±8 

107  ±12 

105  ±8 

Chao  et  al. 
[93] 

Normal  SS* 

OG 

20 

21 

19-32 

60  ±7 

69  ±9 

102  ±10 

100±16 

Nonnal  SS*# 

37 

32 

32-85 

61  ±8 

73  ±8 

1 12  ±10 

104±10 

Chiu  &  Wang 
[19] 

IS 

T 

15 

15 

24  ±2 

25±2 

1 19±  16 

1 1 5±13 

Cho  et  al.  [50] 

Nonnal  SS* 

OG 

47 

51 

23  ±5 

24  ±3 

58  ±6 

63  ±5 

113  ±  7 

1 12  ±  6 

Chockalingam 
et  al.  [51] 

Normal  SS 

OG 

6 

8 

24  ±4 

23  ±3 

115  ±  6 

1 14  ±  6 

T 

102  ±6 

96  ±6 

Chui  and 
Lusardi  [52] 

Nonnal  SS* 

OG 

15 

4 

70-79 

65  ±8 

82±17 

122±  13 

1 12±22 

Nonnal  SS*# 

51 

26 

80-89 

56  ±5 

68  ±6 

111  ±5 

1 14  ±  6 

Normal  SS 

17 

5 

90-99 

46  ±7 

62±  18 

103  ±9 

105  ±8 

Fast  SS* 

15 

4 

70-79 

70  ±  10 

93±  14 

143±  13 

140±32 

Fast  SS* 

51 

26 

80-89 

62  ±5 

77  ±6 

138  ±7 

137  ±9 

Fast  SS 

17 

5 

90-99 

50  ±8 

71±  23 

125±  12 

130±17 

Chung  et 
al.[54] 

Nonnal  SS*# 

OG 

11 

9 

29  ±6 

32  ±6 

63  ±3 

66  ±3 

115  ±  8 

108  ±4 

Crosbie  & 
Vachalathiti 
[56] 

Nonnal  SS* 

OG 

58 

50 

45±19 

46±19 

66  ±  1 

73  ±1 

Fast  SS* 

75  ±2 

87  ±2 

Crosbie  et  al. 
[55] 

Nonnal  SS*# 

OG 

35 

30 

<  =  50 

<  =  50 

69  ±6 

75±  14 

1 17±1 1 

110±10 

Nonnal  SS* 

23 

20 

>50 

>50 

62  ±9 

69  ±7 

1 17  ±  7 

1 1 2± 1 0 

Fast  SS  *# 

35 

30 

<=50 

<=50 

81  ±  10 

91±  17 

143±  15 

133±13 

Fast  SS  *# 

23 

20 

>50 

>50 

67  ±  11 

80±  11 

138±  10 

13 1±12 

Eke-Okoro  & 
Sandlund  [57] 

Normal  SS  # 

OG 

22 

64 

20-70 

78  ±7 

83  ±8 

121±  11 

1 16  ±  8 

Finley  & 
Cody  [58] 

Nonnal  SS*# 

OG 

572 

534 

63  ±7 

74  ±9 

1 16±  12 

110±10 

Forczek  & 
Staszkiewicz 
[59] 

Nonnal  SS# 

OG 

27 

27 

18-25 

123  ±6 

1 18  ±  5 

Hageman  & 
Blanke  [94] 
and  Blanke  & 
Hageman  [95] 

Nonnal  SS* 

OG 

13 

12 

24  ±4 

25  ±4 

81  ±5 

88  ±6 

Normal  SS* 

13 

12 

67  ±8 

64  ±6 

66  ±7 

94  ±12 
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Normal  SS*# 

33 

27 

70 

74 

61  ±9 

69  ±8 

113  ±20 

102  ±8 

Hollman  et  al. 

Nonnal  SS*# 

OG 

77 

30 

75 

79 

59  ±7 

68  ±7 

114  ±13 

106±10 

[69] 

Normal  SS*# 

43 

37 

80 

84 

55  ±7 

65  ±8 

1 10  ±  9 

103  ±8 

Nonnal  SS* 

33 

14 

85+ 

54  ±9 

59  ±10 

108  ±10 

102±1 1 

Kadaba  et  al. 
[611 

Normal  SS 

OG 

12 

28 

18-45 

65  ±5 

71  ±7 

115  ±  9 

1 12  ±  9 

Kerrigan  et  al. 
[621 

Nonnal  SS  # 

OG 

49 

50 

29  ±5 

28  ±5 

67  ±5 

69  ±6 

120±  10 

1 13  ±  9 

Ko  et  al. 

Nonnal  SS*# 

OG 

162 

174 

69  ±9 

73±10 

69  ±5 

72  ±5 

1 13  ±  1 

1 10  ±  1 

Laufer  [24] 

Normal  SS* 

OG 

15 

15 

24  ±2 

70  ±5 

75  ±5 

123  ±9 

1 1 8±10 

20 

20 

78  ±6 

54  ±  10 

61  ±9 

104±  10 

103±13 

Mazza  et  al. 

Normal  SS 

OG 

20 

20 

23  ±3 

23  ±3 

1 14  ±  1 

107  ±  1 

[64] 

Fast  SS 

131  ±  1 

125  ±  1 

Mazza  et 
al.  [65] 

Nonnal  SS 

OG 

15 

15 

9  ±  1 

9  ±  1 

103±  14 

108  ±8 

Slow  SS*# 

12 

12 

10-14 

47  ±3 

52  ±3 

89  ±  13 

101±11 

Slow  SS 

15 

15 

15 

19 

52  ±4 

54  ±7 

101±  13 

93  ±  17 

Slow  SS 

15 

15 

20-29 

52  ±7 

53  ±3 

95  ±  12 

93  ±8 

Slow  SS 

15 

15 

30-39 

52  ±5 

55  ±5 

98  ±  12 

93  ±  15 

Slow  SS* 

15 

15 

40-49 

49  ±5 

56  ±3 

97  ±  14 

98  ±  12 

Slow  SS* 

15 

15 

50-59 

47  ±3 

55  ±7 

92  ±  17 

92  ±9 

Slow  SS* 

15 

15 

60-69 

48  ±5 

56  ±4 

90  ±  17 

93  ±  11 

Slow  SS* 

15 

14 

70-79 

47  ±4 

53  ±5 

92  ±7 

89  ±8 

Nonnal  SS*# 

12 

12 

10 

14 

54  ±3 

62  ±4 

1 18±  10 

128±1 1 

Nonnal  SS* 

15 

15 

15 

19 

59  ±4 

66  ±5 

125±  11 

12 1±12 

Normal  SS 

15 

15 

20-29 

59  ±6 

62  ±4 

125  ±9 

1 19  ±  8 

Oberg  et  al. 

Nonnal  SS*# 

OG 

15 

15 

30-39 

60  ±5 

65  ±5 

128±  10 

120  ±8 

[40] 

Nonnal  SS*# 

15 

15 

40-49 

57  ±4 

65  ±4 

130±  10 

121  ±7 

Nonnal  SS* 

15 

15 

50-59 

54  ±3 

64  ±6 

122  ±8 

1 1 8±1 1 

Nonnal  SS* 

15 

15 

60-69 

55  ±4 

65  ±4 

1 24±  1 1 

1 17  ±  8 

Nonnal  SS*# 

15 

14 

70-79 

54  ±4 

62  ±5 

122  ±  8 

1 15  ±  8 

Fast  SS* 

12 

12 

10-14 

63  ±5 

69  ±8 

145±  11 

151±17 

Fast  SS* 

15 

15 

15 

19 

68  ±4 

79  ±6 

152±  16 

145±14 

Fast  SS*# 

15 

15 

20-29 

67  ±6 

71  ±6 

154±  15 

140±10 

Fast  SS*# 

15 

15 

30-39 

69  ±7 

76  ±8 

155±  14 

143±14 

Fast  SS*# 

15 

15 

40-49 

65  ±4 

74  ±4 

157±  15 

143±13 

Fast  SS* 

15 

15 

50-59 

60  ±5 

72  ±6 

149±  14 

140±19 

Fast  SS*# 

15 

15 

60-69 

63  ±6 

74  ±5 

152±  14 

139±1 1 

Fast  SS* 

15 

14 

70-79 

60  ±4 

72  ±7 

144±  13 

136±14 

Nonnal  SS*# 

6 

8 

23  ±3 

27  ±4 

68  ±4 

80  ±7 

115  ±  8 

105  ±5 

Richard  et  al. 
[96] 

Nonnal  SS*# 

9 

11 

35  ±3 

35  ±3 

66  ±5 

80  ±6 

1 13  ±  6 

104  ±11 

Nonnal  SS* 

OG 

14 

5 

46  ±3 

43  ±4 

62  ±7 

75  ±2 

117  ±  9 

1 10  ±  7 

Nonnal  SS*# 

6 

7 

55  ±3 

57  ±  1 

57  ±6 

66  ±7 

1 16  ±  7 

102  ±10 

Nonnal  SS* 

6 

7 

74  ±6 

66  ±3 

53  ±8 

66  ±  6 

1 12  ±10 

104  ±3 

Morning  SS* 

57 

10 

65  ±6 

78  ±6 

128±  12 

120  ±7 

Afternoon 

SS*# 

103 

4 

-15-24 

66  ±5 

75  ±8 

126  ±9 

1 16  ±  8 

Evening  SS# 

46 

9 

64  ±5 

71  ±9 

122±  12 

111  ±6 

Sato  &  Ishizu 
[66]A 

Morning  SS*# 

29 

19 

69  ±5 

78  ±5 

1 37±  1 1 

128  ±7 

Afternoon 

SS* 

OG 

15 

3 

-25-34 

64  ±5 

74  ±5 

129±  14 

116±17 

Evening  SS*# 

6 

6 

63  ±2 

74  ±6 

124  ±8 

1 17  ±  6 

Morning  SS*# 

10 

29 

64  ±3 

76  ±5 

136±  13 

123  ±8 

Afternoon 

SS* 

5 

8 

-35-44 

64  ±6 

72  ±7 

125  ±9 

1 19  ±  7 
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¥  SS:  self-selected  speed  during  testing.  IS:  instructed  speed  during  testing.  Sato  and  Ishizu  (1990)  is  delineated  by 
time  of  day  rather  than  gait  speed. 

KT:  gait  conducted  on  the  treadmill.  OG:  gait  conducted  over-ground. 

Cadence  values  were  reported  in  102  age  groups  across  26  studies.  Of  these  102  age  groups,  45 
(44%)  indicated  differences  between  the  sexes  (Method  1,  Table  2).  In  41  of  the  45  studies 
which  reported  a  significant  difference,  females  demonstrated  significantly  higher  cadence 
values  than  men.  In  our  meta-analysis  (Method  2),  females  were  again  shown  to  have  a 
significantly  faster  cadence  than  males  at  each  age  bin  (Figure  1C). 

Both  step  length  and  cadence  were  also  examined  across  age  bins  for  relative  decrease  of  each 
metric  between  sexes  as  age  increases  (Method  2,  Figure  1).  There  was  a  significant  difference 
in  separation  between  step  lengths  taken  by  men  and  women  at  young  (20-40  years)  versus  old 
(77-95  years)  ages,  while  no  differences  were  noted  in  cadence.  While  walking  speed  decreases 
in  elderly  females  and  males,  and  this  is  a  result  of  decreases  in  both  cadence  and  step  length,  our 
meta-analysis  suggested  that  the  greater,  relative  decrease  in  speed  by  elderly  women  was  more  a 
result  of  relatively  smaller  steps  taken  by  elderly  women  than  a  relative  drop  in  cadence. 

5.3  Normalized  Metrics 

Just  six  studies  investigated  normalized  gait  speed,  step  length,  or  cadence.  A  variety  of 
normalization  variables  were  used:  height  [31,  55,  62,  70],  leg  length  [52],  and  square  root  of  leg 
length  [54].  Female/male  differences  were  sporadic  and  mixed,  and  we  could  not  generalize  any 
trends  from  the  individual  studies.  However,  we  sought  additional  insight  by  performing  a  meta¬ 
analysis  using  height  as  a  covariate  and  normalization  factor  (Method  3,  Figure  2). 

Using  height  as  a  covariate,  we  showed  no  significant  differences  between  sexes  in  gait  speed  or 
step  length,  while,  conversely,  the  difference  in  cadence  was  magnified.  In  particular,  in  the 
cross-plot  of  step  length  with  height,  the  regression  lines  for  female  and  male  subjects  are  nearly 
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identical.  Step  length  had  a  height  effect,  not  a  sex  effect,  indicating  that,  though  women  are 
shorter  than  men,  height-matched  subjects  of  opposite  sexes  likely  have  similar  step  lengths 
(Figure  2C).  Unsurprisingly,  when  the  effect  of  height  on  gait  speed  is  examined,  females  - 
owing  to  equal  step  length  and  higher  cadence  -  may  be  slightly  faster  than  height-matched 
males  (Figure  2A). 


Figure  2:  Plots  of  Height  and  Spatiotemporal  Variables 

Only  reviewed  articles  which  included  means  of  height  along  with  at  least  one  of  gait  speed,  step  length,  or  cadence 
at  preferred,  self-selected,  over-ground  speed  were  included.  A.)  Gait  speed  with  height  as  a  covariate  (18  studies). 
For  height-matched  subjects,  females  are  faster  than  males.  B.)  Step  length  with  height  as  a  covariate  (13  studies). 
For  height-matched  subjects,  there  is  no  step  length  difference  for  females  and  males.  C.)  Cadence  with  height  as  a 
covariate  (11  studies).  For  height-matched  subjects,  females  have  a  higher  though  insignificant  cadence  than  males. 

5.4  Gait  Phases  and  Step  Width 

Stance  and  double  support  phases,  evaluated  as  percent  of  the  gait  cycle,  were  not  found  to  be 
different  between  the  sexes  in  four  studies  [24,  50,  51,61]  reporting  these  variables  within  three 
age  groups:  20-30  years  old,  70-80  years  old,  and  18-45  years  old.  Similarly,  Alton  et  al.  [48] 
found  no  difference  in  20-30  year  olds  in  the  absolute  time  spent  in  stance  and  swing  phase.  On 
the  other  hand,  Chui  and  Lusardi  [52]  reported  that  80-89  year  old  females  exhibited  a 
significantly  greater  percent  of  the  gait  cycle  in  both  stance  and  double  support  phases  than 
males  at  preferred  and  fast  self-selected  speeds.  Hollman  et  al.  [69]  found  that  females  aged  80  - 
84  years  old  spent  less  time  in  the  swing  phase  and  more  time  in  double  support  than  males  but 
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no  differences  were  found  in  stance  phase  as  a  percent  of  the  gait  cycle.  The  combination  of 
these  limited  studies  suggested  that  there  is  likely  a  strong  age  affect  if  any  differences  in  gait 
phases  exist  between  females  and  males. 

Step  width  was  recorded  in  three  studies  [50,  62,  69].  Though  both  Cho  et  al.  and  Holloman  et 
al.  found  evidence  of  a  significant  difference  between  men  and  women,  with  men  taking  wider 
steps,  this  data  is  too  sparse  to  generalize.  If  a  difference  in  step  width  does  exist,  structural 
factors  (e.g.  pelvic  width,  quadriceps  angle  [Q-angle],  or  overall  body  size)  may  be  analyzed  as 
explanatory  variables. 

5.5  Spatiotemporal  Discussion 

This  review  indicated  a  significant  difference  between  sexes  for  gait  speed,  step  length,  and 
cadence,  with  differences  becoming  more  pronounced  with  increasing  age.  Though  results  from 
individual  studies  were  equivocal  and,  at  times,  conflicting,  our  meta-analysis  illuminated  trends 
observed  when  viewing  the  body  of  literature  as  a  whole.  Furthermore,  while  spatiotemporal 
variables  and  leg  length  or  height  seemed  intuitively  correlated,  many  studies  neither  reported 
these  measures  nor  normalized  gait  speed  or  step  length.  Using  a  study's  mean  height  as  a 
covariate,  we  evaluated  the  effect  of  sex  on  step  length.  The  meta-analysis  suggested  that  men 
walked  faster  than  women  entirely  because  they  were  taller.  Height  was  used  in  this  analysis 
because  it  was  published  more  frequently,  yet  leg  length  may  be  more  appropriate  as  a 
nonnalization  variable,  especially  when  considering  elderly  subjects.  We  should  note,  however, 
that  there  are  real  limitations  in  any  meta-analysis,  and  the  p-values  presented  here  should  be 
interpreted  with  caution  and  not  as  though  from  a  controlled  study.  As  with  all  meta-analyses, 
these  results  require  support  of  many  individual  studies. 

Large  variations  in  spatiotemporal  metrics  were  observed  between  referenced  studies  (e.g. 
Bohannon  et  al.  2011  [26]).  Imprecise  equipment,  varying  subject  conditions  (time  of  testing 
during  the  day,  rushed  or  hurried  testing,  etc.),  analyzing  multiple  age  groups  together,  and  small 
datasets  will  influence  significance  of  data.  Well-controlled,  repeatable  laboratory  conditions 
with  large  datasets  are  needed  to  establish  normative  values.  Similarly,  factors  such  as  lifestyle 
and  culture  likely  affect  preferred  walking  speed,  step  length  and  cadence  [1].  For  example,  Al- 
Obaidi  et  al.  [27]  examined  values  of  both  Kuwaiti  subjects  with  matched  Swedish  subjects. 
Significant  differences  were  intermittently  noted  for  each  sex  between  the  two  ethnicities  and 
cultures.  Though  location  and  language  are  obvious  barriers  to  international  studies,  additional 
study  is  needed  to  evaluate  the  effect  of  culture  on  spatiotemporal  variables. 

Additionally,  three  reviewed  studies  were  recorded  with  subjects  moving  in  an  urban  setting 
while  unaware  they  were  being  observed.  Finley  and  Cody  [58],  who  examined  pedestrians  in 
four  locations  around  Philadelphia,  PA,  USA,  observed  a  difference  in  gait  speed,  step  length, 
and  cadence.  While  Eke-Okoro  and  Sandlund  [57]  found  no  difference  in  gait  speed,  this  study 
found  both  cadence  and  step  length  to  be  different.  Similarly,  Sato  and  Ishizu  [66]  reported 
significantly  different  step  length  between  the  sexes  at  nearly  every  age  group  and  time  of  day; 
gait  speed  and  cadence  were  sporadically  observed  as  significantly  different.  An  important 
observation  by  these  authors  is  that  females,  particularly  young  females,  tended  to  walk  in 
groups.  These  authors  began  to  examine  group  dynamics,  suggesting  that  gait  speed,  step  length, 
and  cadence  are  all  significantly  different  under  group-walking  conditions. 
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6.0 


KINEMATICS 


Kinematic  comparisons  between  sexes  have  primarily  been  analyzed  using  discrete  joint  angle 
metrics.  Range  of  motion  (ROM)  has  been  the  most  frequently  reported  variable  in  the  clinical 
literature,  with  some  additional  reporting  of  mean,  maximum,  or  minimum  values  during  a  gait 
cycle.  These  latter  variables  are  often  more  related  to  structure  than  to  motion,  and  care  should 
be  taken  to  separate  structural  and  movement  effects.  Also,  these  metrics  may  be  more 
susceptible  to  marker  placement  errors  and  differences  in  segment  reference  frame  definitions, 
resulting  in  greater  variability  across  studies. 

6.1  Pelvis 

A  single  significant  difference  was  found  among  seven  studies  reporting  sagittal  plane  pelvic 
ROM  [50,  51,  53,  55,  56,  61,  67],  with  Crosbie  et  al.  describing  a  difference  in  the  younger 
group  at  normal,  self-selected  speed  (Table  3)  [56].  Cho  et  al.  reported  a  significant  difference 
in  the  mean  value  across  the  gait  cycle,  with  the  female  pelvis  tilted  more  anteriorly  [50],  This 
difference,  which  has  been  noted  in  static  descriptions  of  anatomy  (e.g.  [71-73]),  is  a 
manifestation  of  structural,  rather  than  kinematics,  differences. 

Pelvic  ROM  in  the  coronal  plane  has  not  had  a  consistent  label  in  the  clinical  literature,  with  the 
seven  studies  reporting  this  motion  alternately  labeling  it  as  obliquity,  lateral  tilt,  list,  or  lateral 
flexion  [50,  51,  53,  55,  56,  61,  67].  In  four  of  these  seven  studies,  females  exhibited 
significantly  greater  ROM  than  males  (Table  3).  Crosbie  was  the  lone  author,  with  two  studies, 
to  find  greater  male  ROM  than  female  [55,  56],  In  both  Crobie’s  and  Smith's  [67]  studies, 
significant  differences  were  found  in  elderly  subjects,  but  not  younger  subjects.  This  suggests  a 
possible  age/sex  interaction,  although  the  direction  of  the  interaction  was  reversed  between  the 
two  authors.  Two  studies  conducted  trials  on  a  treadmill.  Though  Chumanov  et  al.  [53]  found 
the  same  trend  of  coronal  plane  difference  as  the  over-ground  studies,  values  reported  by 
Chockalingam  et  al.  [51]  only  bordered  on  significance  (.05<p<.08). 

Of  the  six  studies  reporting  transverse  plane  pelvic  ROM,  three  found  no  significant  difference 
between  the  sexes  [50,  61,  67]  (Table  3).  Of  the  remaining  three  studies,  females  demonstrated 
a  significantly  greater  transverse  plane  pelvic  ROM  in  the  younger  group  of  both  studies  by 
Crosbie  et  al.  [55,  56]  and  the  treadmill  condition  of  Chockalingam  et  al.  [51].  Normalized  step 
lengths  were  reported  for  the  second  study  by  Crosbie  et  al.  and  were  not  found  to  be 
significantly  different  between  males  and  females  [56],  This  suggests  that  the  kinematic 
difference  cannot  be  explained  by  coupling  between  transverse  plane  pelvis  rotation  and 
effective  step  length  [74], 
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Table  3:  Pelvic  ROM 

*  indicates  difference  between  the  sexes  (p  <  .05)  and  is  given  on  the  female  value  for  the  female/male pair.  'D: ' 
Indicates  a  derived  ROM  from  published  maximum  and  minimum  values.  Statistical  significance  in  this  case  is 
based  upon  significance  of  either  maximum  or  minimum  published  values,  n  indicates  that  significance  was  not 
given  and  was  not  able  to  be  derived.  ±  indicates  a  standard  deviation  and  Q  indicates  a  SEM  value.  * Treadmill  (T) 

or  Overground  (OG).  'SS'  indicates  a  self-selected  gait  speed. 


Range  of  Motion  (deg) 

Sagittal  Plane 

Coronal  Plane 

Transverse  Plane 

Study 

Speed 

Age 

(years) 

No. 

Subjects 

T  or 
OG“ 

Female 

Male 

Female 

Male 

Female 

Male 

Cho  et  al.  2004 

Normal 

SS 

20-29 

98 

OG 

=1° 

=1 

D:  10* 

D:  8 

D:  6 

D:  8 

Chockalingam  et 
al.  2012 

Normal 

SS 

20-29 

14 

OG 

D:  1 

D:  2 

D:  14* 

D:  7 

D:  8 

D:  7 

T 

D:  1 

D:  2 

D:  8 

D:  5 

D:  3* 

D:  1 

Chumanov  et  al. 
2008 

1.2  m/s 

20-29 

34 

T 

9  ±2* 

7±2 

1.5  m/s 

10  ±2* 

7±2 

1.8  m/s 

10  ±2* 

8±2 

Crosbie  and 
Vachalathiti  1997 

Normal 

SS 

40-59 

108 

OG 

5(0) 

5(0) 

7(0) 

7(0) 

5(0)* 

4(0) 

Fast  SS 

6(0) 

7(0) 

9(1)* 

11(1) 

6(0) 

5(0) 

Crosbie  et  al.  1997 

Normal 

SS 

<=50 

85 

OG 

3  ±  1* 

5  ±  2 

7  ±  3 

7  ±  3 

5  ±3* 

4  ±  2 

>50 

43 

4  ±  2 

3  ±  2 

5  ±2* 

7  ±  2 

4  ±  2 

3  ±  2 

Fast  SS 

<=50 

85 

5  ±  2 

6  ±  2 

10  ±4 

11  ±4 

7  ±  3 

6  ±  3 

>50 

43 

5  ±  2 

5  ±  2 

7  ±  3* 

10  ±  5 

5  ±  3 

4  ±  2 

Kadaba  et  al.  1990 

Normal 

SS 

18-45 

40 

OG 

Not  significant 

Not  significant 

Not  significant 

Smith  et  al.  2002 

Normal 

SS 

20-40 

30 

OG 

2  ±  1 

2  ±  1 

11  ±3 

10  ±  3 

12  ±  4 

12  ±4 

60-89 

30 

2  ±  1 

2  ±  1 

8  ±  3* 

5  ±  2 

11  ±4 

9  ±  4 

6.2  Hip 

Hip  ROM  was  most  often  reported  in  the  sagittal  plane  (Table  4).  Just  one  [75]  of  nine  studies 
[5,  48,  50,  55,  56,  61,  62,  76]  which  reported  ROM  values  found  significant  differences,  with 
male  ROM  greater  than  female  ROM.  When  examining  left-  and  right-side  differences,  Oberg  et 
al.  concluded  that  a  side  difference  may  exist  in  females  at  nonnal  and  fast  walking  speeds,  while 
Cho  et  al.  did  not  find  any  significant  side  differences.  Though  ROM  was  not  reported,  Boyer  et 
al.  [8]  noted  significantly  greater  peak  hip  extension  in  females  at  toe-off.  Structurally,  Cho  et 
al.  [50]  found  a  difference  in  the  mean  hip  angle  across  the  gait  cycle,  likely  due  to  the 
previously  mentioned  structural  difference  in  female  and  male  pelvic  tilt. 

In  the  coronal  plane,  all  four  [5,  53,  61,  75]  of  the  studies  reporting  ROM  found  a  significant 
difference  in  hip  motion,  with  female  values  greater  than  male  values  (Table  4).  Boyer  noted  a 
greater  peak  hip  adduction  angle  in  females  [8].  Furthermore,  Cho  et  al.  also  described  a 
significant  difference  in  the  mean  angle  across  the  gait  cycle,  with  females  more  adducted.  This 
is  in  agreement  with  previous  research  which  demonstrates  that  females  have  a  wider  pelvis  and 
a  larger  quadriceps  angle  (Q-angle)  than  males  [73,  77,  78], 
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The  three  studies  which  reported  hip  ROM  in  the  transverse  plane  over  the  full  gait  cycle  found 
no  significant  differences  between  men  and  women  (Table  4)  [50,  53,  61]  .  However,  both  Hurd 
et  al.  [5]  and  Roislien  et  al.  [79]  found  significantly  different  ROM  during  early  stance.  This 
also  appears  to  be  present  in  Figure  2g  of  Cho  et  al.  [50]  which  shows  a  separation  in  peaks 
during  initial  stance.  While  this  plot  describes  a  ROM  greater  than  typical  normative  values  (e.g. 
[80]),  these  combined  results  suggest  the  need  for  further  examination  of  transverse  plane  hip 
motion  during  early  stance  phase.  Cho  et  al.  also  describes  a  mean  difference  over  the  gait  cycle, 
with  females  more  internally  rotated  than  males.  Again,  this  is  likely  a  reflection  of  static, 
structural  differences  in  femoral  anteversion  between  the  two  sexes  [72,  73,  81],  also  possibly 
resulting  in  the  more  internally  rotated  stance  phase  foot  progression  angle  noted  by  Roislien  et 
al.  [79]. 


15 

Distribution  A.  Approved  for  public  release;  distribution  is  unlimited. 
88ABW-20 13-3 853;  Cleared  27  August  2013 


Table  4:  Hip  ROM 

*  indicates  difference  between  the  sexes  (p  <  .05)  and  is  given  on  the  female  value  for  the  female/male  pair. 
**Described  during  early  stance.  ***Oberg.  et  al.  did  not  evaluate  significance  by  decade  age;  average  values  are 
tabulated,  and  significance  is  described  for  all  females  as  compared  to  all  males.  These  authors  also  provided  both 
left-  and  right-side  measures;  values  reported  here  are  averages  of  the  two.  'D: '  Indicates  a  derived  ROM from 
published  maximum  and  minimum  values.  Statistical  significance  in  this  case  is  based  upon  significance  of  either 
maximum  or  minimum  published  values,  n  indicates  that  significance  was  not  given  and  was  not  able  to  be  derived. 
±  indicates  a  standard  deviation  and  ()  indicates  a  SEM  value.  * Treadmill  (T)  or  Overground  (OG).  'SS'  indicates  a 

self-selected  gait  speed. 


Range  of  Motion  (deg) 

Sagittal 

Plane 

Coronal  Plane 

Transverse  Plane 

Study 

Speed 

Age 

(years) 

No. 

Subjects 

Tor 

OG“ 

Female 

Male 

Female 

Male 

Female 

Male 

Alton  et  al.  1998 

Normal  SS 

20-29 

17 

OG 

22  ±4 

26  ±3 

17 

T 

25  ±4 

28  ±4 

Cho  et  al.  2004 

Normal  SS 

20-29 

98 

OG 

=41“ 

=41 

=16“ 

=13 

=2l“ 

=23 

Chumanov  et  al. 

2008 

1.2  m/s 

20-29 

34 

T 

14  ±3* 

12±4 

10  ±2 

9  ±  3 

1.5  m/s 

15  ±2* 

12±2 

11  ±3 

10  ±3 

1.8  m/s 

16  ±2* 

13±3 

11  ±4 

11  ±4 

Crosbie  and 

Vachalathiti 

1997 

Normal  SS 

40-59 

108 

OG 

39(1) 

38(1) 

Fast  SS 

43(1) 

44(1) 

Crosbie  et  al. 

1997 

Normal  SS 

<=50 

85 

OG 

44  ±4 

48  ±3 

>50 

43 

43  ±6 

44  ±5 

Fast  SS 

<=50 

85 

53  ±5 

55  ±4 

>50 

43 

45  ±7 

47  ±6 

Hurd  et  al. 

2004** 

Normal  SS 

20-29 

20 

OG 

10  ±4 

8  ±  4 

7  ±2* 

5  ±  2 

6  ±4* 

2  ±  1 

Kadaba  et  al. 

1990 

Normal  SS 

18-45 

40 

OG 

Not 

significant 

Significant  difference* 

Not  significant 

Kerrigan  et  al. 
1998 

Normal  SS 

20-29 

99 

OG 

46 

44 

Ko  et  al.  2011 

Normal  SS 

65-75 

336 

OG 

39  ±5* 

41  ±5 

10  ±3* 

9  ±  3 

Oberg  et  al. 
1994*  *  * 

Slow  SS 

10-79 

223 

OG 

42  ±6 

44  ±6 

Normal  SS 

47  ±6“ 

48  ±6 

Fast  SS 

51  ±7" 

53  ±7 

Roislien  et  al. 

2009 

Normal  SS 

23-62 

48 

OG 

Significant 

difference* 
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6.3 


Knee 


In  the  sagittal  plane,  six  [5,  48,  50,  75,  76,  79]  studies  reported  no  significant  differences  in  knee 
motion  (Table  5),  while  Kerrigan  et  al.  [62]  and  Kadaba  et  al.  [61]  reported  females  exhibited  a 
significantly  greater  ROM  than  males.  Boyer  et  al.  [8],  while  not  specifying  ROM,  noted  that 
mid-stance  knee  flexion  was  greater  in  males.  This  conflicted  information  is  too  limited  to  state 
any  generalizable  trends  or  conclusions. 

Of  the  four  studies  [5,  50,  61,  75]  which  presented  coronal  plane  knee  motion  (Table  5),  none 
found  significant  differences  between  males  and  females.  Cho  et  al.  [50]  and  Roislien  et  al.  [79] 
both  noted  increased  knee  valgus  throughout  the  gait  cycle  in  women,  likely  due  to  increased  Q- 
angles  mentioned  in  conjunction  with  hip  adduction. 

Table  5:  Knee  ROM 

*  indicates  difference  between  the  sexes  (p  <  .05)  and  is  given  on  the  female  value  for  the  female/male  pair. 
**Described  during  early  stance.  ***Oberg.  et  al.  did  not  evaluate  significance  by  decade  age;  average  values  are 
tabulated,  and  significance  is  described  for  all  females  as  compared  to  all  males.  These  authors  also  provided  both 
left-  and  right-side  measures;  values  reported  here  are  averages  of  the  two.  'D: '  Indicates  a  derived  ROM from 
published  maximum  and  minimum  values.  Statistical  significance  in  this  case  is  based  upon  significance  of  either 
maximum  or  minimum  published  values,  n  indicates  that  significance  was  not  given  and  was  not  able  to  be  derived. 
±  indicates  a  standard  deviation  and  ()  indicates  a  SEM  value.  “Treadmill  (T)  or  Overground  (OG).  'SS'  indicates  a 

self-selected  gait  speed. 


Range  of  Motion  (deg) 

Sagittal  Plane 

Coronal  Plane 

Transverse  Plane 

Study 

Speed 

Age 

(years) 

No. 

Subjects 

Tor 

OG“ 

Female 

Male 

Female 

Male 

Female 

Male 

Alton  et  al.  1998 

Normal  SS 

20-29 

17 

OG 

57  ±4 

58  ±4 

17 

T 

56  ±4 

59  ±3 

Cho  et  al.  2004 

Normal  SS 

20-29 

98 

OG 

D:  54 

D:  54 

=15" 

=12 

Hurd  et  al. 

2004** 

Normal  SS 

20-29 

20 

OG 

14  ±4 

17  ±4 

4  ±  3 

3  ±  2 

Kadaba  et  al. 

1990 

Normal  SS 

18-45 

40 

OG 

Not  significant 

Not  significant 

Not  significant 

Kerrigan  et  al. 
1998 

Normal  SS 

20-29 

99 

OG 

D:  69* 

D:  64 

Kettelkamp  et 
al.  1970 

Normal  SS 

20-35 

22 

OG 

D:  50* 

D:  46 

Ko  et  al.  2011 

Normal  SS 

65-75 

336 

OG 

54  ±6 

55  ±6 

10  ±5 

11  ±4 

Oberg  et  al. 
1994*** 

Slow  SS 

10-79 

223 

OG 

D:  49 

D:  50 

Normal  SS 

D:  47 

D:  48 

Fast  SS 

D:  45 

D:  44 

Roislien  et  al. 

2009 

Normal  SS 

23-62 

48 

OG 

59" 

58 

17 
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6.4 


Ankle 


Six  articles  [48,  50,  61,  62,  75,  79]  listed  ROM  for  sagittal  plane  ankle  motion  (Table  6).  Of 
these  studies,  Kerrigan  et  al.  [62]  and  Ko  et  al.  [75]  found  significant  differences  in  ROM,  with 
females  exhibiting  greater  ROM  than  males.  Though  not  reaching  significance,  females 
consistently  demonstrated  higher  ROM  values  than  males  in  the  remaining  studies,  suggesting  a 
trend  in  line  with  these  two  studies.  Additionally,  Boyer  et  al.  [8]  supported  this  by  noting 
greater  female  ankle  flexion  at  both  heel  strike  and  toe-off.  Future  research  should  examine  this 
area,  particularly  during  the  stance/swing  transition  (e.g.  Roislien  et  al.  [79]  and  Cho  et  al.  [50]). 
Newer  multi-segment  foot  models  may  also  help  elucidate  this  possible  difference. 

Table  6:  Ankle  ROM 

*  indicates  difference  between  the  sexes  (p  <  .05)  and  is  given  on  the  female  value  for  the  female/male pair.  'D: ' 
Indicates  a  derived  ROM  from  published  maximum  and  minimum  values.  Statistical  significance  in  this  case  is 
based  upon  significance  of  either  maximum  or  minimum  published  values,  n  indicates  that  significance  was  not 
given  and  was  not  able  to  be  derived.  ±  indicates  a  standard  deviation  and  Q  indicates  a  SEM  value.  * Treadmill  (T) 

or  Overground  (OG).  'SS'  indicates  a  self-selected  gait  speed. 


Range  of  Motion  (deg) 

Sagittal  Plane 

Coronal  Plane 

Transverse  Plane 

Study 

Speed 

Age 

(years) 

No. 

Subjects 

Tor 

OG“ 

Female 

Male 

Female 

Male 

Female 

Male 

Alton  et  al. 

1998 

Normal  SS 

20-29 

17 

OG 

34  ±5 

30  ±6 

17 

T 

32  ±6 

30  ±4 

Cho  et  al.  2004 

Normal  SS 

20-29 

98 

OG 

D:  33 

D:  30 

Kadaba  et  al. 

1990 

Normal  SS 

18-45 

40 

OG 

Not  significant 

Not  significant 

Not  significant 

Kerrigan  et  al. 
1998 

Normal  SS 

20-29 

99 

OG 

D:  30* 

D:  26 

Ko  et  al.  2011 

Normal  SS 

65-75 

336 

OG 

25  ±5* 

23  ±5 

10  ±3 

9  ±  3 

Roislien  et  al. 

2009 

Normal  SS 

23-62 

48 

OG 

33" 

28 

6.5  Upper  Body 

In  general,  upper  body  motion  during  gait  has  received  very  little  attention  in  the  literature.  Arm 
and  shoulder  differences  between  the  sexes  during  gait  have  been  virtually  unexplored.  The  few 
studies  reporting  ROM  sex  differences  have  confined  measures  to  the  torso  or  thoracic  spine. 

In  the  sagittal  plane,  Goutier  et  al.  [60]  found  torso  ROM  differences  in  young  adults  that 
were  speed  dependent  (Table  7).  At  very  slow  speeds,  torso  flexion/extension  was 
greater  in  females  than  in  males,  while  at  fast  speeds  male  ROM  was  greater.  No 
differences  were  found  in  Chung  et  al.  [54]  or  the  elderly  groups  of  Goutier  et  al. 
However,  Chung  et  al.  did  note  a  difference  in  the  mean  angles  across  the  gait  cycle,  with 
women  more  extended  than  men  in  both  the  global  and  pelvis  coordinate  systems.  This 
implies  a  greater  lumbar  lordosis  in  women  that  may  have  contributions  from  torso 
posture  as  well  as  the  increased  anterior  pelvic  tilt  mentioned  previously.  Significant 
differences  were  not  otherwise  observed  in  the  pelvic  coordinate  system. 

In  the  coronal  plane,  no  differences  were  found  when  analyzing  torso  motion  relative  to 
the  global  coordinate  system  in  Chung  et  al.  [57]  or  the  elderly  group  of  Goutier  et  al. 
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[60],  The  younger  group  of  Goutier  et  al.  again  demonstrated  speed-dependent 
significant  differences  that  were  coupled  with  sagittal  plane  motion  (Table  7);  at  very 
slow  speeds,  female  torso  motion  exceeded  males,  while  at  fast  self-selected  speeds, 
males  were  greater.  In  the  pelvic  coordinate  system,  Chung  et  al.  [54]  showed  a  greater 
female  torso  ROM,  which  appears  to  be  due  to  increased  female  pelvis  ROM.  Crosbie  et 
al.,  on  the  other  hand,  found  no  differences  at  nonnal  speeds  but  an  increased  ROM  in 
male  subjects  over  female  subjects  at  fast  speeds  [56],  This  finding  is  also  primarily 
related  to  pelvis  motion  (see  Table  3),  with  males  exhibiting  greater  pelvic  ROM  than 
females  in  this  study. 

In  the  transverse  plane  (Table  7),  no  significant  ROM  differences  were  found  in  either  of 
two  studies  [54,  56].  It  should  be  noted  that  the  ROM  values  presented  by  each  of  these 
studies  are  markedly  different. 

In  a  different  method  of  analysis,  Mazza  et  al.  [64]  analyzed  sex  differences  in  pelvis  and  upper 
body  motion  using  the  RMS  accelerations  of  the  pelvis,  upper  torso,  and  head.  These  authors 
found  that  females  had  greater  mediolateral  accelerations  at  the  pelvis  than  males,  similar  values 
at  the  torso,  and  smaller  values  at  the  head.  Likewise,  in  the  sagittal  plane,  women  exhibited 
similar  pelvis  and  torso  accelerations  to  men  but  less  head  accelerations.  These  differences  were 
found  both  at  preferred  and  fast  walking  speeds  and  suggest  that  females  attenuate  the 
accelerations  arising  from  the  lower  extremities  differently  than  males.  These  results  also  align 
with  the  conclusions  of  PLW  studies  which  demonstrate  sex  identification  during  gait  largely 
based  upon  differences  in  the  pelvis  and  torso  [18,  20],  To  test  if  these  attenuation  control 
strategy  differences  exist  in  pre-pubertal  children,  the  same  authors  repeated  the  acceleration 
study  with  subjects  aged  8-11  years  old  [65].  They  found  that  while  accelerations  were  similar 
at  the  pelvis  and  torso,  females  again  exhibited  smaller  values  at  the  head  in  both  the 
mediolateral  and  anterior-posterior  directions.  This  comparison  suggests  a  control  strategy 
difference  that  is  not  entirely  due  to  differing  body  mass  distributions,  compensations  for  greater 
pelvic  motions,  or  gender-related  habits  such  as  walking  with  high  heels. 
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Table  7:  Torso  ROM 

Crosbie  et  al.  (1997)  also  noted  ROM  of  the  lower  torso.  These  authors  indicated  the  only  significant  difference  of 
their  younger  age  group  at  the  fast  self-selected  speed  in  the  coronal  plane.  *  indicates  difference  between  the  sexes 
(p  <  .05).  Where  quantitative  values  were  not  reported,  qualitative  significance  is  given.  ±  indicates  a  standard 
deviation  and  ()  indicates  a  SEM  value.  K Treadmill  (T)  or  Overground  (OG).  SS  indicates  a  self-selected  gait  speed. 


Range  of  Motion  (deg) 

Sagittal  Plane 

Coronal  Plane 

Transverse  Plane 

Study 

Speed 

Age 

(years) 

No. 

Subjects 

Tor 

OG“ 

Female 

Male 

Female 

Male 

Female 

Male 

Relative  to  Ground 

Chung  et 
al.  2010 

Normal  SS 

30-39 

20 

OG 

4  ±  1 

4  ±  2 

3  ±  1 

4  ±  1 

8  ±  4 

6  ±  2 

Goutier 

et  al. 
2010a 

0.8  m/s 

20-29 

20 

OG 

Female  >  male* 

Female  >  male* 

1.2  m/s 

Not  significant 

Not  significant 

1.6  m/s 

Female  <  male* 

Female  <  male* 

2  m/s 

Female  <  male* 

Female  <  male* 

0.8  m/s 

70-79 

20 

Not  significant 

Not  significant 

1.2  m/s 

1.6  m/s 

2  m/s 

Relative  to 

Pelvis 

Chung  et 
al.  2010 

Normal  SS 

30-39 

20 

OG 

5  ±  2 

4  ±  2 

15  ±5* 

12  ±4* 

14  ±5 

14  ±5 

Crosbie 

et  al. 

1997 

Normal  SS 

<=  50 

85 

OG 

4  ±  2 

4  ±  2 

10  ±4 

10  ±4 

4  ±  2 

5  ±  2 

>50 

43 

4  ±  3 

3  ±  2 

8  ±  3 

9  ±  3 

4  ±  2 

5  ±  2 

Fast  SS 

<=50 

85 

5  ±  2 

5  ±  2 

11  ±4* 

13  ±5 

6  ±  1 

6  ±  3 

>50 

43 

4  ±  2 

4  ±  3 

10  ±5* 

13  ±  5 

4  ±  3 

5  ±  2 

6.6  Kinematics  Discussion 

Pelvic,  and  related  hip  joint,  ROM  in  the  coronal  plane  were  consistently  recognized  as  different 
between  the  sexes.  While  many  individual  studies  suggested  significant  differences  for  other 
body  segments  and  planes,  the  collective  body  of  literature  did  not  arrive  at  a  clear  consensus 
about  these  kinematic  differences,  and  further  research  is  needed  to  determine  whether  sex 
differences  do  indeed  exist. 

The  studies  reviewed  herein  agreed  with  psychology  literature  in  finding  that  there  were 
differences  between  the  sexes  in  pelvic  coronal  plane  motion.  While  Murray  et  al.  [14] 
originally  postulated  that  females  ROM  increases  were  "attitudinal,"  Mazza's  [64,  65]  results,  in 
particular,  suggested  that  there  may  be  structural  or  motoric  differences  which  influence  the 
kinematic  differences.  Pelvic  coronal  plane  ROM  has  been  proposed  as  a  mechanism  to  lower 
vertical  center  of  mass  (VCOM)  excursions  [82,  83].  Though  greater  exploration  of  age  effects 
are  needed,  Smith  et  al.  [67]  showed  that  females  had  both  greater  pelvic  obliquity  and  smaller 
VCOM  than  males,  even  when  normalized  to  leg  length.  There  may  be  other  unexplored 
explanations  for  the  differing  pelvic  kinematics  between  sexes;  including  differences  in  mass 
distributions  or  gluteal  muscle  properties  (e.g.  moment  arms,  fiber  types,  etc.). 

Coronal  plane  hip  motion  was  also  consistently  noted  as  significantly  different,  with  females 
exhibiting  a  greater  ROM  than  males.  This  is  likely  due  simply  to  the  greater  ROM  in  coronal 
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plane  pelvis  kinematics  but  should  be  verified.  As  previously  mentioned,  studies  by  Hurd  et  al. 
and  Cho  et  al.  indicate  a  difference  in  transverse  plane  hip  motion  during  the  initial  loading  of 
stance  phase  between  men  and  women  [5,  50].  Although  these  differences  are  lost  when 
comparing  ROM  over  the  gait  cycle,  the  influence  of  coronal  plane  hip  motion  on  hip  internal 
rotation  during  initial  loading  should  be  examined  in  greater  detail. 

Structural  characteristics  were  often  suggested  as  an  explanation  for  kinematic  differences, 
particularly  when  examining  mean  differences  across  the  gait  cycle.  For  example,  Cho  et  al.  [50] 
suggested  that  differences  in  sagittal  plane  hip  motion  were  linked  to  the  anterior  tilt  in  the 
musculoskeletal  structure  of  the  female  pelvis.  Furthermore,  these  same  authors  wrote  that  the 
valgus  position  of  the  female  knee  may  be  due  to  the  wider  pelvis  in  females.  This  conclusion  is 
also  consistent  with  the  description  of  larger  Q-angle  in  females  [77,  78].  The  Q-angle  is  often 
pointed  to  as  a  means  of  explaining  higher  rates  of  knee  pathology  in  females  than  males.  These 
structural  factors  indicate  inherent,  biomechanical  differences,  rather  than  learned,  lifestyle 
motivations  for  differences  in  gait. 

In  Murray's  original  study  and  in  articles  on  human  perception,  coronal  plane  torso  ROM  was 
repeatedly  identified  as  a  key  contributor  in  observers'  abilities  to  detect  sex  or  gender  [2,  18,  20, 
21,  84].  However,  in  the  limited  recent,  quantitative  studies,  differences  were  equivocal. 

Clearly,  there  is  a  need  to  further  explore  this  area.  Upper  extremity  (i.e.  shoulder/ann, 
elbow/forearm,  and  wrist/hand)  analysis  was  also  notably  absent  from  this  review.  Virtually  no 
information  exists  which  compares  these  segments  between  sexes  for  non-patho logical  subjects. 
Though  perception  experiments  [2]  have  found  that  upper-body  joints  are  more  indicative  of  sex 
than  lower-extremity  joints,  there  continues  to  be  a  dearth  of  data  regarding  upper  extremity 
kinematics.  Preliminary  studies,  such  as  those  by  Mazza  et  al.  [64,  65],  suggest  that  kinematic 
studies  will  reflect  the  trends  established  by  the  psychology  field;  however,  more  investigation  is 
needed  to  fully  quantify  and  describe  upper-body  differences  between  the  sexes. 

In  describing  kinematic  differences  and  trends,  there  were  a  few  studies  which  contradicted  the 
majority  of  reviewed  data.  An  example  of  this  is  the  analysis  of  pelvic  coronal  plane  motion. 
Though  our  analysis  of  reviewed  articles  established  that  females  have  a  significantly  greater 
ROM  than  males,  the  two  studies  by  Crosbie  directly  go  against  this  trend  [55,  56].  These  two 
studies,  which  seem  to  be  drawn  in  part  from  the  same  dataset,  each  concluded  that  males  have 
significantly  greater  pelvis  ROM  in  the  coronal  plane  than  females  and  inverted  the  trend 
established  by  every  other  article  quantifying  pelvic  coronal  plane  motion.  We  do  not  have  an 
explanation  for  this  discrepancy.  Similar  data  mis-match  is  apparent  in  transverse  plane  hip 
motion  (Cho  et  al.  [50])  and  torso  motion  relative  to  the  ground  (Goutier  et  al.  [60]).  Future 
kinematic  studies  should  reference  the  trends  and  antagonists  identified  herein  to  establish  true 
differences. 

While  biomechanical  studies  have  focused  almost  exclusively  on  analysis  of  variance  of  discrete 
variables,  additional  insights  might  be  found  in  alternate  techniques.  Time  series  or  whole  curve 
analyses  might  identify  variables  with  sex  differences  confined  only  to  portions  of  the  gait  cycle 
(e.g.  hip  rotation  in  early  stance  discussed  above).  Lessons  might  also  be  learned  from  other 
disciplines.  Early  perception  articles  examined  individual  walkers  who  were  consistently 
misclassified  as  the  opposite  sex  [1,2]  and  used  these  to  help  guide  their  invariant  theories. 

More  thorough  analysis  of  subjects  who  are  either  consistently  classified  correctly,  or 
consistently  misclassified,  may  provide  insights  into  the  continuum  of  sex  differences.  An 
example  of  this  type  of  analysis  is  found  in  Johnson  et  al.  [85],  who  examined  androgynous 
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walkers,  finding  that  the  dimorphic  gait  is  related  to  both  sex  and  gender  identities,  with  gait 
providing  both  structural  and  cultural  cues  to  an  observer.  A  rapidly  growing  body  of  research 
in  the  computer  vision  field,  with  primary  applications  in  surveillance,  utilizes  machine  learning 
techniques  to  distinguish  between  males  and  females  based  on  sets  of  variables  or  features  (e.g. 
[86-89]).  These  classification  techniques  could  be  used  to  help  identify  the  variable 
combinations,  or  analysis  perspectives,  that  are  most  important  in  distinguishing  gender  [84,  90]. 
Alternatively,  biomechanical  insights  might  be  used  to  guide  machine  learning  approaches  [91]. 
Finally,  although  some  individual  variables  did  not  show  significant  differences  between  the 
sexes,  these  same  variables  may  have  subtle  contributions  to  sex  differentiation  when  used  in 
combination  with  other  variables,  providing  additional  insights  not  obtainable  through  traditional 
analysis. 

A  limitation  to  the  current  body  of  knowledge  is  the  myopic  view  of  the  impact  of  culture  and 
lifestyle  on  gait.  The  minority  of  studies  which  noted  the  effect  of  these  factors  [27,  58,  66] 
found  many  significant  differences.  As  previously  discussed  (see  page  12  -  Spatiotemporal 
Discussion),  initial  studies  have  found  significant  differences  when  comparing  spatiotemporal 
metrics  between  cultures.  While  these  studies  relate  the  effects  of  lifestyle,  culture,  and  time  of 
testing  on  spatiotemporal  values,  these  implications  are  unexplored  for  kinematic  parameters. 
Additionally,  most  studies  cited  herein  select  subjects  from  a  homogeneous  group.  Kinematic 
studies  specifically  focused  on  non-typical  populations  (e.g.  subjects  taken  from  a  non-academic 
environment)  should  be  examined  in  future  work. 
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LIST  OF  ACRONYMS 


CoM 

D 

OG 

PLW 

ROM 

ss 

T 


Center  of  Movement 

Derived  from  published  maximum  and  minimum 
values 

Overground 

Point-Light  Walkers 

Range  of  Motion 

Self-Selected  Speed 

Treadmill 
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